ABSTRACT: RALY is a member of the heterogeneous nuclear ribonucleoproteins, a family of RNA-binding proteins generally involved in many processes of mRNA metabolism. No quantitative proteomic analysis of RALY-containing ribonucleoparticles (RNPs) has been performed so far, and the biological role of RALY remains elusive. Here, we present a workflow for the characterization of RALY's interaction partners, termed iBioPQ, that involves in vivo biotinylation of biotin acceptor peptide (BAP)-fused protein in the presence of the prokaryotic biotin holoenzyme synthetase of BirA so that it can be purified using streptavidin-coated magnetic beads, circumventing the need for specific antibodies and providing efficient pulldowns. Protein eluates were subjected to tryptic digestion and identified using data-independent acquisition on an ion-mobility enabled high-resolution nanoUPLC-QTOF system. Using label-free quantification, we identified 143 proteins displaying at least 2-fold difference in pulldown compared to controls. Gene Ontology overrepresentation analysis revealed an enrichment of proteins involved in mRNA metabolism and translational control. Among the most abundant interacting proteins, we confirmed RNA-dependent interactions of RALY with MATR3, PABP1 and ELAVL1. Comparative analysis of pulldowns after RNase treatment revealed a protein−protein interaction of RALY with eIF4AIII, FMRP, and hnRNP-C. Our data show that RALY-containing RNPs are much more heterogeneous than previously hypothesized.
■ INTRODUCTION
The heterogeneous nuclear ribonucleoproteins (hnRNPs) is a family consisting of more than 20 RNA-binding proteins, which exert several roles in the RNA metabolism, such as splicing, mRNA stability and nuclear export in many different cell types. 1−5 Some hnRNPs are also known to recruit regulatory proteins associated with molecular pathways related to DNA metabolism and DNA damage repair. 6 Although the hnRNPs are the most abundant nuclear proteins, some of them shuttle between the nucleus and the cytoplasm where they can remain associated to the cognate mRNA during its transport, subcellular localization and subsequent translation. 7−11 Generally, hnRNPs are characterized by the presence of one or two RNA-binding motifs (RRMs), whose consensus sequence can vary among the members of the family. 3, 12 RALY, also known as hnRNP C-related protein, is a member of the hnRNP family that was initially identified as an autoantigen cross-reacting with the Epstein−Barr nuclear antigen 1 (EBNA1), a viral protein associated with Epstein− Barr virus. 13 Subsequent studies associated a genomic deletion of Raly with the lethal yellow mutation, being the Raly gene locus near to the locus A y in this mouse. 14, 15 In human colon adenocarcinoma cell line, RALY together with NONO/ p54nrb 16 have been identified as interactors of YB-1, an RNA-binding protein that is involved in splicing, transcription and translational regulation of specific mRNAs. 17 Importantly, YB-1 overexpression in different tumors has been related with the secondary acquired resistance to specific drugs. 18, 19 Interestingly, RALY transcript is overexpressed in different cancer tissues, and this correlates with a poor outcome of the disease. 17 Depletion of RALY expression by RNAi sensitizes colorectal cancer cell lines treated with the platinum analogue oxaliplatin without affecting the cell growth rate, 17 indicating a potential role of RALY in tumorigenesis that still requires further investigations and mechanistic analysis. RALY was previously identified in spliceosomal complexes, suggesting its possible involvement in RNA splicing. 20 RALY and other RNAbinding proteins, including members of the hnRNPs such as hnRNPH/F, were also found in the immunoprecipitates for RBFOX1/2. 21 RBFOX1/2 are members of a protein family that regulates alternative splicing in a tissue-specific manner. 22, 23 Nevertheless, in contrast to hnRNPH that modulates the splicing activity of RBFOX1/2, RALY has no effects in this process and its misregulation does not impair alternative splicing of RBFOX1/2 mRNA targets. 21 Although there is evidence that RALY might have multiple roles in RNA metabolism, RALY remains poorly characterized in mammals and the list of its potential protein interactors is still elusive. Because of the difficulty to obtain efficient immunoprecipitating antibodies, the molecular composition of RALY-containing ribonucleoprotein (RNP) complexes is still unknown.
In recent years, mass spectrometric analysis has become the method of choice for the identification of protein interaction partners from affinity purified material. 24 Latest developments in mass spectrometry instrumentation facilitate the identification of higher numbers of proteins from limited amounts of sample. 25 However, while this enables the identification of not only core interacting proteins but also weaker interaction partners, increasing numbers of contaminating or nonspecifically binding proteins are being identified. This sometimes obscures the interpretation of identified potential interactors and their biological functions. 26 To reduce the problem of unspecific binding, highly specific affinity purification methods, including tandem affinity purification, have been developed (for excellent reviews, see refs 27 and 28) to isolate target proteins and their associated binding partners. In the past years, several methods have been described for linking quantitative affinity purification methods to mass spectrometric identification (q-AP-MS) based on SILAC 26 or label-free approaches, 29 enabling not only the identification, but also the relative quantification of proteins in pulldowns and controls, to identify unspecifically binding proteins. In vivo biotinylation-based pulldown has been initially developed to identify site-specific protein modifications 30 and the single-step purification of transcription factors. 31 Furthermore, the same approach has been recently applied to elucidate the FoxP3 interactome, identifying 361 FoxP3 interacting proteins, 32 underlining its potential to identify protein interaction partners. However, this technique has not yet been integrated into a label-free quantitative proteomics workflow.
In this study, we applied the iBioPQ approach to identify RALY-associated proteins to learn about the molecular mechanisms underlying the cellular function of RALY. By combining efficient streptavidin-based pulldown of in vivo biotinylated RALY with subsequent ion-mobility enhanced, data-independent-acquisition-based label-free quantitative proteomic analysis of pulldowns, we identified 143 protein components of RALY protein complexes that were either exclusively detected in pulldowns or >2-fold enriched compared to controls. Among these, MATR3, PABP1 and ELAVL1, proteins involved in mRNA metabolism and translational control, were among the most abundant interacting proteins. Moreover, we found that eIF4AIII, FMRP, and hnRNP-C associate with RALY via protein− protein interactions. Our data show that RALY-containing RNPs are much more heterogeneous than previously thought and that RALY might have pleiotropic effects on RNA metabolism and translation.
■ MATERIALS AND METHODS

Cell Cultures and Expression Constructs
293T and HeLa cells were grown in DMEM supplemented with 10% FCS, at 37°C and 5% CO 2 atmosphere. Cell lines were transfected using the TransIT transfection reagent (Mirus, Bio LLC) according to the manufacturer's protocol. RT-PCR was performed on total RNA isolated from cells using the TRIzol reagent (Invitrogen). Human RALY cDNA was amplified with the Phusion High-Fidelity DNA polymerase (New England BioLabs) and then cloned in the pEGFP-N1 vector (Clontech). BAP-tagged Raly was created using two complementary primers: 5′-ccgggtggcctgaacgacatcttcgaggctcagaaaatcgaatggcacgaataa and 5′-ggccttattcgtgccattcgattttctgagcctcgaagatgtcgttcaggccaccc. The underlined sequence encodes the BAP peptide (GLNDIFEAQKIEWHE). 30 The primers were annealed and cloned in frame to RALY cDNA in the pEGFP-N1 vector lacking the EGFP-coding sequence. The construct to express RALY lacking the glycine-rich region (RALY-ΔGRR) was created using the site-directed mutagenesis kit (Finnzymes, Thermo Scientific) according to the manufacturer's protocol with the following primers: 5′-gagaacacaacttctgaggcaggc and 5′-ctgctccaagcggctcagcagggc.
Pulldown Assay
The purification of RALY-BAP was performed using streptavidin-conjugated beads (Invitrogen). Briefly, 293T cells grown on 10 cm Petri dishes were transfected with RALY-BAP and Bir(A) constructs. After 30 h the cells were lysed with NEHN lysis buffer [20 mM HEPES pH 7.5, 300 mM NaCl, 0.5% NP-40, 20% glycerol, 1 mM EDTA, phosphatase and protease inhibitors (Roche)] and incubated for 30 min in ice. 40 μL of beads were then added to 1 mg of protein extract and incubated overnight at 4°C under rotation. The beads were washed five times with NEHN buffer and incubated for 20 min at room temperature in 40 μL of elution buffer [7 M urea, 2 M thiourea, 2% CHAPS, 20 mM Tris-HCl pH 8]. For RNase treatment, cell extracts were treated either with RNase A (100 μg/mL) for 15 min or with DNase (10 U) for 30 min at 37°C, before the incubation with beads. For Western blot analysis, 10 μL of purified samples were separated by 12% SDS-PAGE and blotted onto nitrocellulose (Schleicher & Schuell) as previously described. 33 The following primary antibodies were used: rabbit polyclonal anti-PABPC, rabbit polyclonal anti-FMRP, rabbit polyclonal anti-eIF4AIII and mouse monoclonal anti-ELAVL1 (all provided by Abcam); rabbit polyclonal anti-hnRNP-C (Millipore); rabbit polyclonal anti-Matrin3 and rabbit polyclonal anti-PRP19 (GeneTex); anti-YB1 (Santa Cruz); mouse monoclonal anti-Mago and mouse monoclonal anti-Histone H1FX (Abnova); rabbit polyclonal anti-RL7a and rabbit polyclonal antibeta Tubulin (Cell Signaling); rabbit polyclonal anti-APP (Sigma). The following secondary antibodies were used: horse radish peroxidise (HRP)-conjugated goat antimouse and antirabbit antibodies (1:5.000, Santa Cruz Biotechnology). To identify biotinylated RALY-BAP, the membrane was decorated with the rabbit polyclonal anti-RALY antibody (1:5.000; Bethyl). The membrane was then stripped and incubated for 45 min with an HRP-conjugated antistreptavidin (1:10.000; Pierce). All Western blots were analyzed with the ChemiDoc XRS+ System (Bio-Rad).
Journal of Proteome Research
Immunocytochemistry and Fluorescence Microscopy
Cells grown on coverslips were washed in prewarmed 1xPBS and then fixed in 4% PFA for 15 min at room temperature. Immunocytochemistry was carried out as previously described 33 using the primary antibodies listed above. To detect RALY-biotinylated, cells were incubated with Alexa-488 labeled avidin (Invitrogen) for 1 h. Alexa 594-and Alexa 488-coupled goat antimouse and antirabbit IgG antibodies (Molecular Probes) were used as secondary antibodies. Microscopy analysis was performed using the Zeiss Observer Z.1 microscope implemented with the Zeiss ApoTome device. Pictures were acquired using AxioVision imaging software package (Zeiss) and assembled with Adobe Photoshop CS3. Images were not modified other than adjustments of levels, brightness and magnification.
Protein Digestion
Two biological replicates of pulldown and control samples were prepared and processed for LC−MS analysis in parallel. All samples were then analyzed in triplicate by nanoUPLC. Proteins were digested using a modified FASP method. 34 Briefly, eluted protein was loaded on the filter, and detergents were removed by washing three times with buffer containing 8 M urea. The proteins were then reduced using DTT and alkylated using iodoacetamide. The excess reagent was quenched by addition of DTT and washed through the filters. Buffer was exchanged by washing with 50 mM NH 4 HCO 3 and proteins digested overnight by trypsin (Trypsin Gold, Promega) in with an enzyme to protein ratio of 1:50. After overnight digestion, peptides were recovered by centrifugation and two additional washes using 50 mM NH 4 HCO 3 . Flowthroughs were combined, lyophilized and redissolved in 20 μL 0.1% formic acid by sonication. The resulting tryptic digest solutions were diluted with aqueous 0.1% v/v formic acid to a concentration of 200 ng/μL and spiked with 25 fmol/μL of enolase 1 (Saccharomyces cerevisiae) tryptic digest standard (Waters Corporation).
UPLC−MS Configuration
Nanoscale LC separation of tryptic peptides was performed with a nanoAcquity system (Waters Corporation) equipped with a BEH C18 1.7 μm, 75 μm × 150 mm analytical reversedphase column (Waters Corporation) in direct injection mode as described before. 35 0.2 μL of sample (40 ng of total protein) was injected per technical replicate. Mobile phase A was water containing 0.1% v/v formic acid, while mobile phase B was ACN containing 0.1% v/v formic acid. Peptides were separated with a gradient of 3−40% mobile phase B over 120 min at a flow rate of 300 nL/minute, followed by a 10-min column rinse with 90% of mobile phase B. The columns were re-equilibrated at initial conditions for 15 min. The analytical column temperature was maintained at 55°C. The lock mass compound, [Glu 1 ]-Fibrinopeptide B (100 fmol/μL), was delivered by the auxiliary pump of the LC system at 300 nL/ minute to the reference sprayer of the NanoLockSpray source of the mass spectrometer.
Mass spectrometric analysis of tryptic peptides was performed using a Synapt G2-S mass spectrometer (Waters Corporation, Manchester, U.K.). For all measurements, the mass spectrometer was operated in v-mode with a typical resolution of at least 25 000 fwhm (full width half-maximum). All analyses were performed in positive mode ESI. The time-offlight analyzer of the mass spectrometer was externally calibrated with a NaI mixture from m/z 50 to 1990. The data were postacquisition lock mass corrected using the doubly charged monoisotopic ion of [Glu 1 ]-Fibrinopeptide B. The reference sprayer was sampled with a frequency of 30 s. Accurate mass LC−MS data were collected in dataindependent modes of analysis 36, 37 in combination with online ion mobility separations. 38 For ion mobility separation, a wave height of 40 V was applied. Traveling wave velocity was ramped from 800 to 500 m/s over the full IMS cycle. The spectral acquisition time in each mode was 0.7 s with a 0.05-s interscan delay. In low energy MS mode, data were collected at constant collision energy of 4 eV. In elevated energy MS mode, the collision energy was ramped from 25 to 55 eV during each 0.7-s integration. One cycle of low and elevated energy data was acquired every 1.5 s. The radio frequency (RF) amplitude applied to the quadrupole mass analyzer was adjusted such that ions from m/z 350 to 2000 were efficiently transmitted, ensuring that any ions observed in the LC−MS data less than m/z 350 were known to arise from dissociations in the collision cell. All samples were analyzed in triplicate.
Data Processing and Protein Identification
Continuum LC−MS data were processed and searched using ProteinLynx GlobalSERVER version 2.5.2 (Waters Corporation). The resulting peptide and protein identifications were evaluated by the software using statistical models as described. 36 Protein identifications were assigned by searching the human taxon of the UniProtKB/SwissProt database (release 2012_01) supplemented with known possible contaminants and standard proteins (porcine trypsin, yeast enolase, BirA, streptavidin) using the precursor and fragmentation data afforded by the LC−MS acquisition method as reported. 36 The search parameter values for each precursor and associated fragment ions were automatically set by the software using the measured mass error obtained from processing the raw continuum data. Peptide identifications were restricted to tryptic peptides with no more than one missed cleavage. Carbamidomethyl cysteine was set as fixed modification, and oxidized methionine, protein N-acetylation, and deamidation of asparagine and glutamine were searched as variable modifications. Database search was performed allowing a maximal mass deviation of 3 ppm for precursor ions and 10 ppm for fragment ions. For a valid protein identification, the following criteria had to be met: at least 2 peptides were detected with together at least 7 fragments. All reported peptide identifications provided by the IDENTITY E -algorithm are correct with >95% probability as described. 36 The initial false positive rate for protein identification was set to 3% on the basis of a search of a 5× randomized database, which was generated automatically using PLGS2.5.2 by randomizing the sequence of each entry. By using replication rate of identification as a filter, the false positive rate is further reduced to <0.1%. Additional data processing including retention time alignment, normalization, isoform/homology and replicate filtering, as well as final TOP3- based label-free quantification 39, 40 was performed using the ISOQuant software pipeline as described previously. 35 
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Hierarchal clustering analysis was performed on the basis of absolute label-free protein quantification results provided by ISOQuant using dedicated R scripts in R2.14.0 execution environment. 35 Additional data processing was performed using DAVID (http: david.abcc.ncifcrf.gov). 41, 42 Subcellular localizations of RALY interacting proteins were predicted using WoLF-PSORT, TargetP and SubLoc Servers. Transmembrane helices were predicted using Phobius, TMHMM, TMPred and Scampi. 38, 43, 44 For experiments stating p-values, a paired Student's t test was performed as described, 35 assuming significance at p < 0.05.
■ RESULTS
Our goal was to isolate RALY-containing RNPs from cellular extracts to decipher their molecular composition. The human RNA-binding protein RALY sequence contains a predicted RNA-recognition motif (RRM) at the N-terminal region ( Figure 1A and Figure S1A , Supporting Information). A sequence motif rich in glycine (GRR), whose function is still unclear, is present at the C-terminal region. 45 Moreover, two potential nuclear localization signals (NLS) were predicted by computer analysis, but their activity still remains uninvestigated in vivo. To gain information about the role of RALY in mammals, we determined its distribution within the cell by immunostaining. RALY showed a prominent nuclear accumulation, but it was excluded from the nucleoli as shown after the costaining with the nucleolar marker fibrillarin ( Figure 1B ). Similar localization pattern was observed in HeLa cells expressing RALY tagged with EGFP (data not shown). In addition, several discrete particles, typical staining for ribonucleoparticle (RNP) complexes, were also detected in the cytoplasm at the cell periphery ( Figure 1C ). An identical nuclear and cytoplasmic localization was observed in other cell types, including 293T cell lines, OVCAR3 and polarized cells such as oligodendrocytes (data not shown), demonstrating that the pattern observed was not cell-specific. To biotinylate RALY in vivo, 15 amino acids of the biotin acceptor peptide (BirA) were added to the C-terminal region of RALY full length ( Figure 1A ). The resulting construct was then coexpressed in 293T cells together with BirA, a bacterial protein−biotin ligase. 46 We then proceeded to determine whether RALY was efficiently biotinylated in vivo. As expected, the antibody detected in untransfected cells a band at 37 kDa corresponding to the endogenously expressed RALY protein ( Figure 1D , UT). Another band, shifted at the higher molecular weight, corresponding to biotinylated RALY (RALY-BAP), was detected by Western blot when cells expressed RALY-BAP together with BirA ( Figure 1D ). In contrast, no shifted band was observed when only RALY-BAP or BirA were expressed ( Figure 1D ). The localization of the endogenous RALY protein was also compared with the exogenously expressed BAP-tagged RALY. 293T cells coexpressing RALY-BAP together with the red fluorescent protein (RFP) were stained with the alexa 488-conjugated antistreptavidin antibody (AV-488) ( Figure 1E ). In untreated cells, a diffuse signal of AV-488 was observed ( Figure  1E , UT). In contrast, a significant nuclear staining was detected only in those cells expressing RALY-BAP in the presence of BirA ( Figure 1E , second row). As expected no nuclear staining was observed in cells expressing each single plasmid ( Figure 1E , third and fourth row). All patterns analyzed were remarkably similar, indicating that the biotinylated protein behaves like the endogenous counterpart. Taken together, these data excluded the possibility that the position of the added tag influenced the intracellular localization of the resulting recombinant protein.
Having characterized the localization pattern of the endogenous as well as of the recombinant BAP-tagged RALY, we determined the protein composition of RALY-containing RNP complexes. The schematic outline of the purification procedure used in this study is shown in Figure S1B (Supporting Information). Cell extracts were prepared from 293T cells expressing RALY-BAP together with BirA. 293T cells expressing either RALY-BAP alone or BirA alone served as negative controls. The efficiency of biotinylation was verified by binding tagged RALY in crude cell extracts to streptavidincoupled paramagnetic Dynabeads. Western blot analysis of the material eluted from the beads showed that tagged RALY protein was enriched in the pulldown (Figure 2A ). In contrast, no RALY was detected in the pulldown in the absence of BirA ( Figure 2A ). The purified extracts were separated using SDS-PAGE and stained ( Figure 2B ). Silver staining of the gel loaded with purified RALY-BAP showed several bands that were not present in control cell lysates. To distinguish between RNAdependent or -independent interactions, the cell lysate was incubated with RNase in order to disassemble RNPcomplexes, 47 prior to incubation with streptavidin-beads. We observed an enrichment of specific bands after treatment with RNase compared to control treated lysate ( Figure 2B ). Taken together, these data show that RALY can be efficiently biotinylated and purified as RNP-complexes from cell extracts.
After the isolation of the pull-down samples treated either with or without RNase and control pulldowns from singly (either RALY-BAP, or BirA) transfected cells, eluted proteins were digested with trypsin. Tryptic peptides were separated by nanoUPLC directly coupled to a Synapt G2-S mass spectrometer operated in ion-mobility-enhanced data-independent acquisition mode. Overall, we were able to identify and quantify >220 proteins at <1% FDR (Table S1 , Supporting Information). Table 1 shows the list of the 143 proteins that we found to be specifically associated with RALY (see also Figure  3A ); of these, 113 were detectable only in pulldowns from double-transfected cells, and another 30 proteins were found to be at least 2-fold more abundant compared to controls. The high proportion of proteins detected only in the pulldown samples confirmed the high specificity of the iBioPQ approach. Additionally, using TOP3-based absolute quantification, we determined the molar ratios of highest abundant interactors ( Figure 3C ). The most abundant interactors were HNRH1, MATR3 and HNRPF, which were present at approximately equimolar amounts.
Among identified putative RALY-interacting proteins, we confirmed the presence of NONO that has been recently identified as an interactor of YB1-containing complex together with RALY. 17 In addition, some members of the hnRNP family such as hnRNP C1/2, hnRNP F, hnRNP K, hnRNP L, hnRNP M and hnRNP U were also identified. The biological roles of these molecules, which exert a plethora of roles in RNA metabolism, have been covered by several excellent re- Figure 3A) . To gain insight into the various functions of the identified proteins, we performed gene ontology (GO) term analysis using DAVID. Statistically significant over represented ontologies of RALY-interacting proteins were grouped into 26 categories, mostly involved in RNA metabolism, including mRNA, rRNA and ncRNA processing, RNA stability, transport and translational control (Figure 4 ). Some categories comprised factors involved in ribosomal assembly, rRNA stability and posttranscriptional regulation. We then analyzed any changes in the molecular composition of RALY-containing complex upon treatment with RNase. Altogether, we observed significantly increased association of 80 proteins with RALY after RNase treatment (Table 1, Figure 3C ). Among these proteins, we found factors involved in noncoding RNA (ncRNA) and rRNA processes, ribosome biogenesis, translation and translation elongation (Table 1 and Figure 4 , green bars). In contrast, only 13 proteins mainly involved in RNA stability and splicing were decreased after the same treatment, suggesting that RALY might act as a bridge to link other protein complexes bound to the same mRNA. (Table 1 and Figure 4 , red bars). Finally, 50 proteins remained unchanged (i.e., observed change was less than 2-fold), suggesting that their interactions with RALY were not affected by the presence (or absence) of intact RNA (Table  1 and Figure 4, the ribosomal protein L7a, the histone H1 and the fragile X mental retardation protein (FMRP). 61−63 Western blot analysis confirmed the interactions of RALY with PABP, ELAVL1 and MAT3. As predicted, the interactions were mediated by an intact RNA ( Figure 5A ). Low but detectable amounts of Magoh protein and PRP19 were also detected in RALY pulldown, and their associations remained unchanged after treatment with RNase. In contrast, the disassembly of the RNPs complexes by RNase increases the association of RALY with FMRP, eIF4AIII and hnRNP C, respectively ( Figure 5A ). To our surprise, we did not observe any pulldown of YB-1 with RALY as recently described by another group. 17 Moreover, neither histone H1 nor RL7a were detected in RALY pulldown. To demonstrate the specificity of the observed interactions, two proteins not identified by mass spectrometry, namely the amyloid beta precursor protein (APP) and beta tubulin, were used as negative controls. In this case, no copurification of beta tubulin and APP proteins with RALY were observed ( Figure  5B ). Some proteins associated with RALY identified by iBioPQ, for example, the histone H1, hnRNP C and PRP19, are known to interact either directly or indirectly also with the DNA. To determine whether DNA could mediate the interactions of RALY with these molecules, cell lysates were treated with DNaseI before purification ( Figure 5C ). As Figure 5C shows, a Proteins listed were either detected specifically in pulldowns from doubly transfected cells or showed at least 2.8-fold enrichment compared to controls. The effect of RNAse treatment on the relative amount of each protein is indicated; (++)/(−−) indicates >2-fold effects. The Max Score refers to the maximum identification score provided by PLGS (ProteinLynx Global Server) across all technical and biological replicates for the respective protein.
the treatment did not affect their association with RALY, demonstrating that the interaction does not require DNA.
Having verified the interaction of RALY with selected partners identified by mass spectrometry, we determined whether our findings were consistent with their subcellular localization in 293T cells. We have established that RALY is mainly nuclear with a discrete cytoplasmic distribution. As expected, RALY showed an almost identical distribution pattern with hnRNP-C and ELAVL1 in the nuclear compartment ( Figure 6A ). The elongation initiation factor eIF4AIII is part of the exon-junction-complex (EJC), 64 but also component of the nonsense-mediated mRNA decay (NMD) machinery, was also identified in RALY pulldown upon treatment with RNase. As previously described, eIF4AIII was detected in the nucleoplasm and in the nuclear speckles, subnuclear domains containing premRNA processing factors and noncoding RNAs that are involved in multiple steps of gene expression, including transcription, pre-mRNA processing and mRNA transport. 53, 65, 66 Although RALY is not particularly enriched in the nuclear speckles, a colocalization with eIF4AIII was observed in the nucleoplasm ( Figure 6A ). PRP19 belongs to a complex that has a well-established and conserved function in mRNA splicing. 67 As for eIF4AIII, PRP19 localized to nucleoplasm and to dot-like structures that resemble nuclear speckles. RALY colocalization within the cell nucleus is similarly observed, although its signal is more diffuse throughout the nucleoplasm ( Figure 6A ). We also observed colocalization of RALY with MATR3. MATR3 was found both in the cytoplasm and in the nucleus as part of the nuclear matrix, excluding the nucleoli ( Figure 6A ). PABP showed a predominant cytoplasmic localization, and the immunostaining analysis did not reveal a significant colocalization with RALY in the nuclear compartment. However, subset of PABP particles showed colocalization with RALY in the cytoplasm at higher exposure ( Figure 6B ). Since PABP resides in the nuclear compartment, we cannot exclude that RALY might transiently interact with PABP also in this compartment. Taken together, these results show that RALY is in the same complex with the above-mentioned proteins, in vitro as well as in vivo.
In contrast to RALY, most hnRNPs contain repeats of ArgGly-Gly tripeptides domain and/or additional glycine-rich or proline-rich domains that seem to promote protein−protein interactions. 3, 68 We asked whether the peculiar glycine-rich domain (GRR) that RALY harbors at the C-terminal region was required for the interactions with the newly identified interactors ( Figures S1A and S2B, Supporting Information) . Thus, we performed pull down using extracts from cells that expressed RALY-BAP lacking the GRR (RALY-ΔGRR). We first determined the subcellular localization of RALY-ΔGRR by tagging the deleted protein with EGFP. The deleted form was not degraded when exogenously expressed by the cells. As for the full length, RALY lacking the glycine rich region localized in the nucleus but not in the nucleoli ( Figure 6C ). Moreover, RALY-ΔGRR still retained its RNA-binding activity (data not shown). These results demonstrate that the GRR domain is not necessary to target RALY to the nuclear compartment. To determine whether the GRR domain could modulate protein− protein interactions, 293T cells were transfected with the plasmid expressing BAP-tagged RALY-ΔGRR with or without BirA. Cell lysates were then treated with RNase or untreated, and the purified extracts were analyzed by Western blot ( Figure  6D ). The majority of the RNA-mediated interactions were unaffected by the absence of the GRR domain. Proteins such as PABP as well as MATR3 were copurified, and their interactions with RALY were still sensitive to RNase treatment, demonstrating that the lack of the GRR domain did not affect both RNA-dependent and independent interaction of RALY with newly identified interactors ( Figure 6D , + RNase). We then tested for the presence of ELAVL1. Interestingly, ELAVL1 was not copurified with RALY-ΔGRR, suggesting that the GRR Figure 4 . Functional annotation of RALY-associated proteins identified using analysis of GO term enrichment of the "biological process" category by DAVID. GO terms ranked according to the number of counts are plotted. All associations are significant (p < 0.01 after Bonferroni correction). Each bar represents the number of RALY's interactors involved in 26 different biological processes. The amount of proteins that decrease, increase, or remain unchanged (i.e., display less than 2-fold change) in RALY pull-down after RNase treatment is depicted as in Figure 3A .
domain is required for the interaction with ELAVL1 even in the presence of RNA ( Figure 6D ).
■ DISCUSSION
The current work describes the identification of novel protein interactors of the RNA-binding protein RALY by an in vivobiotinylation pulldown-quantitative approach. The RNA-binding protein RALY, previously known as hnRNP C like-protein, contains a RNA-recognition motif similar to hnRNP C and two predicted NLS ( Figure S2A , Supporting Information). Human RALY shares 87% identity with the mouse homologue, and the major differences are located within the C-terminal region ( Figure S2A , Supporting Information). Moreover, RALY shares 43% amino acid identity with hnRNP C, and in contrast to hnRNP C and to other hnRNPs, RALY contains a peculiar domain composed by a long stretch of glycine repeats (GRR) ( Figure S2B , Supporting Information). The functional role of the GRR domain is unclear. Shorter glycine-rich repeats present in hnRNP A2 and hnRNP H/F seem to mediate their general intracellular trafficking. 69, 70 When expressed in mammalian cell lines, however, the intracellular localization of GFP-tagged RALY-ΔGRR was unchanged, and the protein still accumulated within the nucleus but not in the nucleoli. Although the subcellular localization as well as the RNA-binding activity of RALY was not altered by the absence of the GRR domain, the dynamics might be impaired. Could the GRR domain mediate protein−protein interactions? Pulldowns performed using RALY-ΔGRR assessed that the glycine-rich repeats is not required for the protein−protein interactions of RALY with some of the newly identified interactors ( Figure 6D) . However, the RNA-dependent interaction of ELAVL1 with RALY-ΔGRR was abolished, suggesting that the GRR domain might promote the recruitment of ELAVL1 and RALY to the RNA.
RALY has been found in complexes with molecules involved in RNA metabolism, but its biological role in the mammalian cells has not been thoroughly evaluated. In human, both RALY mRNA and protein are detected in several tissues, 71 including the nervous system, kidney, liver, skeletal muscle, lung and pancreas. Interestingly, RALY mRNA is upregulated in many tumor tissues, even if associated functional implications are currently unknown. 17, 72 Although the modulation of RALY expression has been observed in different tumors, the role of RALY in tumorigenesis is a matter of ongoing investigation. While few interaction partners of RALY have been already described, a complete picture of the RALY interactome is lacking as no quantitative proteomic analysis of RALY RNPcomplexes have been published so far. We isolated RALY complexes from cell cultures in order to identify possible molecular pathways in which RALY could be involved and gain information regarding its functions. Unfortunately, any attempt to immunoprecipitate RALY using various antibodies was unsuccessful or not efficient (data not shown). One explanation might rely on the observation that RALY, as many other RNAbinding proteins, is a constituent of large RNP-complexes, making it poorly accessible to the antibodies thereby hampering their immunoprecipitation under native conditions. To overcome this limitation, we expressed BAP-tagged RALY to purify RALY-containing complexes. Cotransfection with BirA leads to in vivo biotinylation of RALY, facilitating highly specific interaction of the in vivo biotinylated RALY with streptavidin-coated beads. A similar approach has been previously used to isolate mRNAs associated with the RNA-binding protein PABP. 73 Using cells transfected with untagged proteins and cells without BirA ligase, negative controls are readily available, rendering our method inexpensive, sensitive, and reliable. The strong interaction between biotin and streptavidin as well as the specificity of Bir(A) enzyme have several benefits: it increases the amount of purified protein, and in the same time, it decreases the number of unspecific interactors. Moreover, this approach minimizes the dissociation of weak interactions and thus maximizes the sensitivity of the approach and the yield of transient molecular interactors. These aspects are essential to reduce unspecifically bound proteins that would be falsely classified as potentially interacting proteins during subsequent mass spectrometric analysis. However, a major problem of mass spectrometric identification of potential interaction partners, even when using a high affinity pulldown and sensitive instrumentation, remains to distinguish interactors from proteins that bind unspecifically to the pulldown material. In the iBioPQ approach, parallel processing of pulldown and controls and subsequent label-free quantification by LC−MS E allows to pinpoint potential interactors on the basis of their relative protein abundance ratio between pulldown and control samples, therefore increasing the specificity of interaction partner identification.
For mass spectrometric identification of interacting proteins, we applied an ion-mobility enhanced data-independent acquisition approach, 36−38 which was previously used to quantify the composition of the myelin proteome. 44 In contrast to data-dependent acquisition (DDA), data-independent acquisition provides high technical reproducibility due to avoiding the stochastic nature of the peptide selection process. For example, in one previous study applying DDA, only 35− 60% overlap of identified peptides was observed between technical replicates. 74 In contrast, we observed >90% overlap between both technical and biological replicates on protein level (see Figure S3 , Supporting Information), thereby underlining the reproducibility of our approach. Additionally, no proteins were uniquely detected in control samples, which confirms the low unspecific background of our approach. Requiring candidates to be identified in both analyzed biological replicates provided additional stringency of the workflow.
Taken together, the iBioPQ approach allowed us to identify and quantify 143 novel molecular interactors of RALY. Among these, the protein NONO has been recently identified as an interactor of YB-1 containing complex together with RALY. 17 Several hnRNPs were copurified with RALY, and among these were the hnRNP A1, C1/C2 and K. Although these factors play different roles in the metabolism, they can also interact with proteins involved in DNA damage response pathways. 75, 76 It will be interesting to determine whether RALY might change its intracellular localization upon DNA damage, supporting the emerging concept that RNA-binding proteins can be recruited to DNA damage sites and repair process with mechanisms that are still poorly investigated. Treatments with RNase allowed us to categorize RALY interactors into RNA-mediated interaction partners and direct (protein−protein) interactions. Interestingly, 80 identified interactors became enriched in RALYcontaining complexes after RNase treatment. These results allow us to speculate cellular RNA to be a strong competitor for RALY, probably because of the high affinity of RALY for RNA. Thus, the interaction of RALY with additional proteins can be enhanced and/or stabilized upon depletion of RNA. Another hypothesis is that the lack of associated RNA changes the folding structure of RALY. These conformational changes might expose hidden domains of RALY allowing for additional interactions with other proteins. Many of the identified proteins are RNA-binding proteins (RBPs) known to be involved in several processes of the RNA metabolism including rRNA and ncRNA metabolism, and RNP biogenesis. Most rewardingly, however, is the fact that a significant portion of the identified interactors is implicated in mRNA translational control. Our data suggest that RALY might have different functions in mRNA metabolism that need further investigations. Among the proteins identified in this study, eIF4AIII and FMRP showed a direct protein−protein interaction with RALY. The translation initiation factor eIF4AIII, Mago and Y14 are core components of the exon-junction-complex, a dynamic multiprotein complex that plays an essential role in nonsense mediated decay (NMD). The role of FMRP has been thoroughly investigated, especially in the nervous system. The loss of FMRP causes the Fragile X syndrome, the most common form of inherited intellectual disability. 77 In neurons, FMRP is a negative regulator of target mRNA translation important for neuronal development and synaptic function. 78−80 FMRP is mainly found in the cytoplasm, but it shuttles into the nucleus where it binds to its cargo mRNAs. 81 In neurons, both eIF4AIII and FMRP localize to dendrites in RNP complexes containing the double stranded RNA-binding protein Staufen and localized transcripts. 82 Interestingly, eIF4AIII interacts with another member of the NMD machinery, MLN51/Barentsz (Btz), that is also a component of the dendritic mRNP. 83 For this reason, it would be interesting to determine whether RALY is also a component of the molecular machinery involved in mRNA subcellular localization in polarized cells such as neurons. Preliminary results confirm that RALY is present both in the cytoplasm and in distal processes of the oligodendroglial progenitor cell line Oli-neu 84, 85 (data not shown). It is tempting to speculate that RALY might remain associated with mRNAs during their transport and subsequent localization. It will be interesting to determine whether RALY can exert any role in local translational and/or RNA stability. Our data provide evidence that RALY interacts with proteins that exert pleiotropic roles in mRNA metabolism.
■ ASSOCIATED CONTENT * S Supporting Information Figure S1 . (A) ClustalW alignment of human RALY (Q9UKM9.1), P. troglodytes (XP_514591.2), M. musculus (Q64012.3), R. norvegicus (NP_001011958.1) and D. rerio (AAQ97838.1). Identical residues and conservative amino acid changes are marked by asterisks and dots, respectively. The domains schematically represented in Figure 1A are indicated by lines below the sequences: RNA-binding domain (yellow), NLS (red), and GRR (green). (B) Schematic representation of the procedure used to purify and characterize RALY interactors. Cells were transfected with two constructs expressing RALY tagged with the biotin acceptor peptide (BAP) and BirA, respectively. Additional cells were transfected with either RALY-BAP (Ctrl 1) or BirA (Ctrl 2) alone as controls. After 36 h, cells were washed and processed as described in Materials and Methods. Part of the lysate was directly incubated with streptavidin-coated magnetic beads, and the purified proteins were identified by mass spectrometry analysis. To identify proteins interacting with RALY in a RNA-independent way, the remaining of the lysate was treated with either RNase (or DNase in some cases) before purification. Figure S3 . Venn diagrams depicting (A) overlap between technical replicates, (B) overlap between biological replicates, and (C) overlap between pulldown and control samples. Venn Diagrams were constructed using the VENNY web application. (http://bioinfogp. cnb.csic.es/tools/venny/index.html). Table S1 . Complete listing of proteins identified in pulldowns and control samples. This material is available free of charge via the Internet at http://pubs.acs.org.
